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SUMMARY 
 
The ultimate longitudinal strength of a ship may be significantly affected by large scale rupture damage to areas of the 
primary structure such as the side shell or double bottom. A numerical method to account for damaged ultimate strength 
must therefore be able to account for the loss in strength due to a rupture hole, which may extend over several frame 
spaces within the damage zone. The hole may change the governing failure mode of the panel and a method to predict 
the ultimate strength of the panel must take the mechanism of collapse into account. This is of particular importance to 
high speed craft which are relatively lightly stiffened. This paper presents an investigation into the effect of hole size and 
location on the buckling characteristics of a series of stiffened panels, which is of use for improving the development of 
numerical tools to predict the damage strength of a hull girder. 
 
 
 
1. INTRODUCTION 
 
The calculation of the longitudinal residual strength of a 
ship following an event which has caused damage to the 
primary hull structure is an important yet inherently 
difficult parameter to reliably determine. Damage to the 
hull structure can cause a loss of longitudinal strength 
and, if sufficiently severe, may endanger the integrity of 
the ship in the immediate aftermath of the damage event.  
 
Assessing the effects of accidental damage to merchant 
vessels can be essential for post-accident response 
including the development of salvage plans, ensuring 
crew safety and mitigating the danger of vessel loss. In a 
Naval context, damage may also occur during hostile 
operations and an assessment of damage effects to the 
structure is essential for recoverability of the ship. 
Therefore, generating a reliable estimate of the residual 
strength of a damaged hull girder is important in ship 
structural analysis.  
 
The term ‘damage’ encompasses such a diverse range of 
scenarios that it is almost impossible to explicitly 
consider all possibilities in advance of a damage event. 
In this paper, damage is assumed to be relatively 
extensive in that it significantly affects the integrity of a 
large scale stiffened panel typical of a side shell or 
bottom structure. The damage event is assumed to impart 
a significant impact load to cause rupture of the ship 
plating.  Such damage could be caused by collision with 
another ship, grounding on a rock or the result of a shock 
or impact load from weapons attack.   
 
There are numerous consequences to the integrity and 
safety of a ship which has suffered severe damage to an 
area of the main hull. Inevitably, the rupture will cause 
ingress of water into the hull and thus damage stability 
must be determined. Depending on the size and location 
of the damage, the global strength of the hull girder may 
also be affected. Longitudinally effective structure 
contributes to the ultimate bending strength of the hull 
girder. Therefore if a region of the hull girder is ruptured, 
the ultimate strength will be compromised. In the event 
of damage to the hull girder, an immediate assessment of 
the residual longitudinal strength of the strength may 
need to be completed to mitigate any subsequent loading 
effects and ensure that the ship is not loaded beyond its 
global capacity.  
 
Inevitably, a damage assessment must make some broad 
assumptions to determine the extent and severity of the 
damage. This information must then be used to make an 
estimate of the residual strength of the hull girder.  In this 
paper, the damage is assumed to create a simple cut out 
or hole in the otherwise intact stiffened panel. Although 
this is rather simplistic, it is also easily controlled in a 
parametric experiment. A series of parametric 
experiments are therefore conducted using the nonlinear 
finite element method (NLFEM) to enable some 
quantification of the effect of damage extent on the 
strength of the panel. 
 
2. BACKGROUND 
 
This paper considers the in-plane compressive ultimate 
strength of a stiffened panel which has been grossly 
damaged due to a collision, grounding or other 
unintended loading incident. The mechanism of the 
damage event itself is not explicitly considered, but is 
assumed to have caused a severe rupture hole within the 
panel.  
 
In reality, a situation such as a ship collision which 
creates a large hole within a stiffened panel involves a 
complex loading and response sequence of events which 
are inevitably dynamic and highly nonlinear. Such an 
event inevitably causes a complex rupture in the 
damaged area of the hull. Furthermore, the structure 
 around the ruptured hole will be distorted and stressed by 
the damage scenario.  
 
The complexities of the ruptured zone after a collision or 
grounding are clearly shown from experimental work by 
numerous authors. For example, a series of full scale 
experiments by Wevers & Vredeveldt [1] demonstrate 
the effects of a collision on different side shell scantlings. 
NLFEM simulations by AbuBakar & Dow [2] present a 
series of large scale collision scenarios between two 
merchant ships.  NLFEM studies demonstrating the 
severity and complexity of an actual ship collision have 
also been reported by Ehlers & Tabri [3] amongst others.  
 
These studies concentrate on the damage simulation 
itself, in particular the methods used to model the 
material behavior to capture high strain effects such as 
necking and fracture. Further work has been completed 
to capture the post damage residual strength of the hull 
girder. For example, Ehlers et al. [4] considered the 
effect of the damage on the ultimate strength of the ship, 
although the ultimate strength calculations were limited 
to interframe progressive collapse calculations. Benson et 
al. [5] simulated a series of damage scenarios for a small 
box girder and then predicted the residual ultimate 
strength using a dynamic finite element approach. Figure 
1, which shows an example box girder after it has 
sustained severe rupture from impact of an indenter, 
demonstrates the complex stress pattern and high 
distortion of a damaged structure.  
 
Figure 1: Example of rupture in a small box girder 
damaged by an indenter. Spectrum shows the von Mises 
stress in the structure (red-blue with red showing highest 
stress). 
 
In the simplest sense, a ruptured hole causes a loss in 
section modulus for a cross section taken through the 
damage area. The reduced section modulus (SMdamaged) 
could be used directly to calculate the damaged ultimate 
bending strength (BMdamaged) as a ratio of the 
corresponding intact values: 
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Programs such as HECSALV/POSSE allow this simple 
philosophy to be used so as to give an immediate 
assessment of damage strength.  
 
More advanced analytical techniques to determine 
longitudinal ultimate strength, such as the progressive 
collapse method [6] can be used in a similar way to 
recalculate the ultimate strength of a damaged hull girder 
[7]. The damage region is removed from the defined hull 
girder cross section and the progressive collapse 
calculations then give an estimate of the residual 
strength.   
 
Using either of the above techniques will give a fast and 
easily obtained estimate of the residual strength of the 
hull. However, the calculations inherently make certain 
assumptions which may oversimplify the problem. 
Perhaps the most fundamental assumption is that the 
damage can be treated as having a purely two 
dimensional effect on the strength behavior of the hull 
girder.  
 
When applied to an intact ship, the conventional 
progressive collapse method assumes that buckling in the 
compressed portion of the hull girder is confined to 
interframe effects. This assumption is also used when 
applying the method for a damaged hull.  
 
The result of the interframe assumption is that the effect 
of buckling over several frame spaces, for example 
between adjacent bulkheads, is not accounted for. This 
has been shown to be important for intact ships through 
work at Newcastle University, which has resulted in the 
development of an extended progressive collapse method 
with capability to include both interframe and 
compartment level buckling modes within the 
progressive collapse calculations [8].  
 
When considering a damaged ship, the effect of overall 
buckling modes may also be important. It is almost 
certain that large scale rupture damage to a hull structure 
will not be confined to a single frame space. This may 
mean that the transverse frames are damaged and thus 
their support to the surrounding structure may not be 
sufficient to assume interframe collapse modes. For this 
reason, the investigation of all possible collapse modes in 
a panel with damage spreading over several frame spaces 
is considered important in the development of 
corresponding simplified methodologies to predict 
damage strength. 
 
3. PROBLEM DEFINITION 
 
The nonlinear finite element method (NLFEM) is an 
established technique to determine the in plane 
compressive strength of a stiffened panel. A rigorous 
approach to modeling large scale ship structures using a 
nonlinear finite element program (in this case ABAQUS 
CAE) has been developed at Newcastle University. The 
approach includes geometric imperfections, welding 
residual stresses and nonlinear material properties which 
are essential for nonlinear buckling analysis of a slender 
stiffened structure under in-plane compressive loads. 
This approach has been used in the present study.  
 
Depending on the extents of the finite element model and 
how the boundaries are constrained, NLFEM will predict 
the onset of different buckling modes which ultimately 
contribute to the strength characteristics of the panel. For 
a longitudinally stiffened panel buckling modes include 
local plate and stiffener buckling (including stiffener 
tripping), beam-column buckling between adjacent 
transverse frames and gross panel buckling over several 
frame spaces. To properly account for all these potential 
buckling modes, a complete orthogonal stiffened panel 
including numerous longitudinals spanning several frame 
spaces must be explicitly represented in the finite 
element analysis.  
 
The consideration of rupture damage also requires the 
use of a large scale panel model. Damage may not be 
confined to a single frame space, and the damage to 
transverse frames can have a fundamental effect on the 
buckling mode of the panel.  
 
The series of panels used for this study are therefore 
modeled with 10 longitudinal stiffeners over 5 frame 
spaces. This is considered large enough to capture all the 
potential buckling modes within the panel, including 
gross panel buckling, and also meant a large range of 
damage extents could be studied.  
 
Simulating the effect of damage in the panel is achieved 
by placing circular “cut-outs” at various locations on the 
orthogonal panel. The results in this paper present 
analyses where the cut-out is placed at the panel centre. 
Further analyses will be conducted by the authors 
comparing these results to cut-outs placed at different 
locations on the panel surface. 
 
4. MODEL DEFINITION 
 
4.1 GEOMETRY 
 
A series of panels were developed to cover a range of 
plate and column slenderness values calculated using 
Eqs. 2 and 3:  
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where dimensions are as shown in Fig. 2. k is the radius 
of gyration of the cross section,    is the material yield 
stress and E is the Young’s Modulus E. 
 
 
Figure 2: Panel dimensions 
 
Plate breadth, b, was fixed at 600 mm. A standard 
longitudinal stiffener with dimensions hw = 113.6 mm, tw 
= 6.7 mm, bf = 63.5 mm, tf = 13.4 mm was used 
throughout. This is equivalent to an Admiralty Long 
Stalk tee bar (ALS5). Plate slenderness was adjusted by 
varying the plate thickness (tp). Column slenderness was 
adjusted by varying the length between transverse frames 
(a).  Transverse frames are modelled as flat bars, sized 
with web height 3 times bigger than the longitudinals, 
giving dimensions of 360x10 mm. 
 
4.2 MESH 
 
The panel is modelled with 10 stiffeners and 5 frame 
spaces. A mesh size of 50mm was chosen following a 
mesh convergence study completed for four panels. This 
gave an ultimate strength result within 1% of an 
equivalent analysis using a 100mm mesh size. S4R 
elements are used, which is an established element used 
in panel buckling analyses. A description of the 
mathematical formulation of the S4R element is given in 
the ABAQUS theory manual.  
 
The mesh for a typical panel is shown in Fig. 3. The 
mesh size gives sufficient resolution to model 
imperfection patterns in the plate and stiffener whilst 
maintaining efficiency for model set-up and calculation 
time.  In total 90 simulations were completed.  
 
 
Figure 3: Panel mesh with characteristic element length of 
50mm 
 
4.3 MATERIAL MODEL 
 
A standard bi-linear isotropic steel material model was 
used for all analyses. A 1% post yield hardening model 
was used. This has been found by the authors to improve 
 solution convergence of stiffened panel buckling 
analyses whilst having minimal effect on the resulting 
load shortening curves. Yield stress, 0, is 245MPa, 
Young’s Modulus, E, is 210GPa and Poisson’s ratio, , 
is 0.3.  
 
4.4 GEOMETRIC IMPERFECTIONS 
 
Geometric imperfections are modelled by translating 
nodes from their initial “perfect” location. Imperfection 
is included for the out of plane distortion of the plate, the 
sideways distortion of the longitudinal, the out of plane 
distortion of the longitudinal web and the out of plane 
column distortion of the plate and stiffener treated as a 
single unit.   Average imperfection amplitude levels were 
used throughout following the levels proposed by Smith 
et al. [9]. The imperfection shapes are consistent with 
previous studies by the authors. For further details on the 
method used in modeling imperfection and the 
imperfection shapes used the reader is referred to Benson 
et al. [10].  
 
4.5 BOUNDARY CONDITIONS AND SOLVER 
 
The panel is modelled with simple supports at all four 
edges. Constraints are as shown in Fig. 4. Load is applied 
using displacement control at one end of the panel. The 
long edges of the panel are constrained to remain straight 
but are allowed to bodily move inwards using an 
additional interaction constraint, set using the 
*EQUATION command in ABAQUS CAE.  
 
The static Riks solver included in ABAQUS CAE is used 
for all analyses. This is an arc length iterative solver 
capable of running nonlinear buckling analyses. Default 
settings (using ABAQUS CAE v6.9.3) are used for all 
analyses.  
 
 
Figure 4: NLFEM model boundary conditions 
 
5. RESULTS 
 
5.1 INTACT PANELS 
 
A series of analyses were completed for the intact panel 
following the modeling conventions described in the 
previous section. Fig. 5 compares the ultimate strengths 
of the panels for different values of  over a range of  
whilst Fig. 6 shows an example set of load shortening 
curves comparing panels with varying  and a fixed  of 
2.0.  
 
 
Figure 5 – Intact panel collapse curves as a function of 
column slenderness 
 
 
Figure 6 – Intact panel load shortening curves,  = 2.0 
 
The collapse curves shown in Fig. 5 demonstrate some 
interesting features. The low and mid slenderness panels 
( = 1.0 and = 2.0) show a fairly linear reduction in 
strength with a corresponding linear increase in column 
slenderness. However, the high slenderness panels ( = 
3.0) shows a flatter relationship, with the  strength 
remaining approximately constant over  between 0.3 
and 0.6 and then beginning to dip with further increases 
in . This is probably due to the increased dominance of 
plate buckling in the highly slender panel, particularly at 
low column slenderness, which is independent of the 
panel length. The  = 3.0 results show a dip in strength at 
the lowest  tested (). This may be due to a 
change in buckling mode, which actually causes the 
stockier panel to lose strength. This effect is more 
pronounced for the high , low  panels with high levels 
of damage, which are presented later in this paper.  
 
The example load shortening curves presented in Fig. 6 
show a relatively sharp peak as the panels collapse. A 
similar pattern was found for all the panels studied. The 
strain used to plot the load shortening curves in Fig. 6 is 
measured using the total displacement of the loaded end 
of the panel. A feature of the Riks solver is that the 
displacement direction is free to move in either direction 
to maintain equilibrium. This means that the post 
collapse response calculated by the algorithm introduces 
a displacement reversal immediately following the 
collapse point. This is more pronounced for more slender 
panels. To some degree this is because the strain 
measurement plotted on the x-axis is measured as the 
change in the total length of the panel, whereas buckling 
actually nucleates into a single bay.  
 
It must be noted that the intact results are relevant to the 
particular panel dimensions studied. Therefore the 
collapse curves in Fig. 5 are particular to the panel 
dimensions studied. They should not be compared 
directly to ship panel design curves such as those 
published by Smith et al. [9] because parameters such as 
the relative area ratio between the stiffener and the plate 
are not controlled in the same way. Furthermore, the 
curves are specific to the frame size (360x10 FB) which 
is used throughout this study. Changes to frame size, 
particularly by making it more slender, will eventually 
lead to increased dominance of overall buckling modes, 
which will likely reduce the ultimate strength of the 
panel. 
 
5.2 CENTRAL DAMAGE 
 
A series of circular cut-outs are inserted in the centre of 
the otherwise intact panels with dimensions as shown in 
Fig. 7. The smaller cut outs are confined to the central 
frame space whilst larger cut outs cross over into three 
frame spaces. It should be noted that the transition of the 
hole size into the adjacent frame spaces occurs for 
different hole sizes depending on  because the column 
slenderness is controlled by panel length.  
 
 
 
Figure 7 – Damage diameters – central location 
 
 
 
 
Figure 8 – Effect of hole size, central location,   = 1.0. 
 
 
Figure 9 – Effect of hole size, central location,   = 2.0.  
 
 
Figure 10 – Effect of hole size, central location,   = 3.0.  
 
The effect of the cut out size on the ultimate strength is 
shown in Figs. 8-10. For all three plate slenderness’ 
studied, the 300mm cut out has almost no effect on the 
ultimate strength of the panel. This is expected; the cut 
out is much smaller than the total panel width and is 
located well away from the transverse frames which 
provide beam-column support. An example comparison 
between the buckling shape for the intact panel (Fig. 11) 
and the 300mm cut out panel (Fig. 12) shows how the 
buckling mode shape is almost unchanged.  
 
  
Figure 11 – NLFEM plot for  = 2.0 and  = 0.4 intact 
panel at collapse (left) and post collapse (right) 
 
 
Figure 12 - NLFEM plot for 2.0 and 0.4 panel 
with 300mm diameter central cut out at collapse (left) 
and post collapse (right) 
 
However, as the cut out size is increased it eventually 
intersects with the central transverse frames causing a 
portion of the frame to be removed. This has an 
interesting effect on the collapse characteristics of the 
panel and therefore also on the resulting collapse curves. 
As an example, Figs. 13 and 14 show the buckling 
pattern for a panel with column slenderness of 0.4 and  
= 1.0 and 2.0 respectively. Both panels have a 2400mm 
cut out centrally located. The buckling pattern shows that 
a combination of overall and interframe mode shapes are 
present in the panel at collapse. The overall mode is 
undoubtedly caused by the reduction of the support in the 
central transverse frames. This phenomenon can also be 
observed in the collapse curve plots (Figs 8 – 10), 
especially for the low  – high  panels with larger cut 
outs, where the strength actually reduces further than the 
same panels with higher column slenderness.  
 
 
 
Figure 13 - NLFEM plot for  = 1.0 and  = 0.4 panel 
with 2400mm diameter central cut out at collapse (left) 
and post collapse (right) 
 
 
Figure 14 - NLFEM plot for = 2.0 and  = 0.4 panel 
with 2400mm diameter central cut out at collapse (left) 
and post collapse (right) 
 
 
 
5. CONCLUSIONS 
 
The results presented in this paper give some baseline 
indication as to the behavior of a damaged stiffened 
panel forming part of the primary hull structure of a ship. 
The analyses make some broad simplifications relating to 
the damage event itself. With these assumptions borne in 
mind, the results still give valuable information relating 
to the strength behavior of a stiffened panel after it has 
been severely damaged. The influence of the rupture size 
is shown to have an effect quite different from simply 
reducing the effective area of the panel. If the damage 
extends over a significant portion of the panel length, and 
the transverse frame is affected, the collapse behavior is 
influenced by overall buckling modes which can further 
reduce the effective strength of the damaged panel.  
 
Modelling rupture as a perfect cut out is necessarily 
simplistic method to simulate damage in a ship structure. 
Ongoing work by the authors is attempting to model 
more realistic damage through consideration of the 
damage scenario itself. This will capture a more realistic 
rupture hole shape as well as introducing residual 
stresses into the finite element model. This work will be 
compared directly to the results presented in this paper to 
ascertain the appropriateness of modelling damage using 
perfect cut outs from the panel. 
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